Introduction 25
Small peptides regulate numerous biological processes in eukaryotes. A fourteen amino-acid 26 peptide in wasp venom influences histidine secretion by mimicking an activated G-protein coupled 27 receptor (Higashijima et al., 1988) . Mushrooms of the Amanita genus produce a cyclical eight-amino 28 acid peptide that interferes with DNA-dependent, RNA polymerase II activity (Lindell et al., 1970) . 29
In plants, peptides with known signaling roles exist either as 5-20 amino acid sequences generated 30 from post-translational processing, or cysteine-rich peptides that are generated from precursor 31 proteins (reviewed in Breiden and Simon, 2016) . Other examples from across eukaryotes show that 32 even short runs of amino acids play important roles in an emerging suite of key biological processes. 33
In this report we test the hypothesis that small cyclical peptides, composed of a core of 34 random amino acid sequences, could interfere with discrete biological processes. This approach could 35 potentially be used to identify new molecules able to integrate into plant biological processes, 36 delivering useful outcomes. The chemistry discovered by integration of random sequences may guide 37 the design of plant growth regulators, developmental modulators, or next-generation herbicides. 38
Parallel methods in phage have been described previously as "In vitro evolution of chemicals", in 39 which coat-proteins presenting random sequences were used to identify protein-peptide interactions 40 (Smith and Petrenko, 1997) . Some of these newly-discovered peptides have advanced to clinical 41 applications (Ladner et al., 2004; Hamzeh-Mivehroud et al., 2013; Nixon et al., 2014) . 42
The modern process in plants is technically enabled by recombination-based cloning 43 strategies and the efficient transformation of Arabidopsis thaliana via floral dipping (Clough and 44 Bent, 1998) . In this work, populations of Arabidopsis thaliana plants have been developed where each 45 plant delivered a unique DNA sequence that encodes a peptide with a core of six or twelve random 46 amino acids, flanked by cysteine residues to potentially facilitate cyclization. The transgene-bearing 47 lines are then screened for phenotypes, either conspicuous under ambient conditions or exposed by 48 growth in challenging conditions. Genomic DNA is then prepared from plants showing variation 49 relative to wild-type controls, and the sequence encoding the random peptide is amplified using 50 flanking primers. The same sequence is then re-introduced into new transgenic lines to test for 51 recapitulation of the original phenotype.
In screening a population of over 2,000 transgenic plants we have identified dozens of 53 phenotypes that have been reproduced in separate transformation events. These include early 54 flowering, dwarf plants, short roots, insensitivity to red light, developmentally-timed plant death, and 55 a variety of other phenotypes. Independent transformations have shown that the results are caused by 56 the installed sequence, presumably due to the production of the encoded peptide. 57
In this report we present a new way to potentially identify novel molecules that could 58 modulate important processes in plants. The peptides identified may then be used to impart their 59 effects in transgenic plants or potentially even when applied in drenches or sprays. The structure of 60 the peptides may be a basis of drug discovery, leading to new compounds (such as mimetic peptides) 61 representing novel growth regulators, herbicides or developmental modulators. 62
In total, 20 independent transgenic lines were obtained, and all of them grew smaller than control 91 lines. The T2 seeds from the original line and 5 independent lines were sown on a ½ MS plate with or 92 without sucrose under kanamycin selection. Seeds on both types of media germinated at a rate of 93 95%. Kanamycin selection indicated that 90% of germinated T2 seedlings were transgenic lines. All 94 germinated seeds on sucrose plates grew into fully-developed plants. While germination was 95 comparable in the absence of sucrose, the transgenic seedlings grew slowly and presented only yellow 96 cotyledons and first two true leaves, with <30% forming true leaves and <10% growing into fully-97 developed plants. Only 50% of non-transgenic controls developed true leaves and most of them were 98 able to grow into fully-developed plants, indicating that the seedlings were unable to mature without a 99 carbon source (Figure 2 ). The effect of the peptide was tested in petunia. Five independent transgenic 100 shoots were obtained that tested positive for the PEP6-3 transgene, but they grew slowly compared to 101 controls before turning pale and dying after several weeks ( Figure 2D) . 102
103

Transgenic plants with PEP6-15 exhibit early flowering 104
A number of random-peptide containing plants exhibited an early flowering phenotype ( Table  105 1). We grew T2 seeds from transgenic plants showing early flowering directly in soil and compared 106 their flowering time with wild type Col-0. The first PEP6-15 transgenic plant was originally 107 characterized as a small and early flowering plant and its T2 seedlings repeated the flowering 108 phenotype but not the plant size (Table 2) . We cloned the sequence from this seedling PEP6-15 and 109 retransformed into Col-0. A total of 15 independent transgenic lines were isolated and measured on 110 their flowering time. About 75% independent lines had earlier flowering time compared to wild type 111 plants. We thereafter chose three representative lines 1, 2 and 3 for detailed analyses ( Figure 3A ). All 112 three lines had 10 rosette leaves compared to 11.5 rosette leaves in Col-0 when they were bolting 113 Seedlings from the PEP6-32 line exhibited slightly longer hypocotyls under red light 117 conditions. The seedlings were then grown in darkness and under narrow-bandwidth conditions. The 118 PEP6-32 seedlings exhibited insensitivity specific to red light. Next, the PEP6-32 construct was 119 reintroduced into independent transgenic lines that were isolated and analyzed on their sensitivities to 120 various fluence rates of different wavelengths of light. The red-light insensitivity defect is observed 121 clearly in eight of the ten independent lines. Four of the lines were examined for photomorphogenic 122 responses. In darkness, seedling growth was comparable to wild-type seedlings. Under constant red 123 light all four peptide-containing lines exhibited longer hypocotyls than wild-type controls, when 124 grown under fluence rates of 1, 10 and 50 μmol·m -2 ·s -1 ( Figure 4A ). When examined under other 125 wavelengths the effect was not as pronounced (Supplemental Figure 2) . Seedlings grown under 0.5 126 μmol·m -2 ·s -1 blue light exhibited slightly longer hypocotyls, but differences were not observed at 127 higher fluence rates of 2 and 10 μmol·m -2 ·s -1 . No significant differences were observed under far red 128 light conditions, including low fluence rate conditions where hypocotyl lengths approximated those 129 where red light effects were evident (Supplemental Figure 2) . The plants did not typically survive when moved to soil and rarely flowered in culture or in soil. Some 137 did transition to true leaves in soil and flowered, and normally-developed seedlings did not exhibit 138 hyperhydricity. The sequences contained in these backgrounds presented no common features in the 139 randomized portion of the sequence, and there was no trend upon translation prediction. 140
Discussion 144
The approach demonstrated in this report is best described as in vivo reverse chemical 145 Here we test the hypothesis that random peptides could affect discrete biological processes via 153 specific biochemical interactions. Instead of being applied from a library of compounds as in a 154 chemical genomics screen, novel molecules are produced in the plant itself, with each plant in a 155 population producing a unique cyclical (or in some cases a truncated short) peptide. 156
With the installation of randomness we circumvent evolution's pull on peptide design and 157 introduce unique molecules into the context of the plant biochemistry. The goal is to identify new 158 potential growth regulators, developmental modulators or even new classes of molecules that could 159 have roles as insecticides, fungicides, or nematicides. 160
The three phenotypes characterized in this work are a just a few of many. We have observed 161 plants featuring early and late flowering tendencies, larger rosette diameters, flowers without stamens, 162 abaxialized leaves, root-length variation, and many other phenotypes that appear to be discrete lesions 163 in plant biology. These are now being characterized. In the present work Figure 2 shows the 164 possibility of identifying new compounds that could act as next-generation herbicides, or even just 165 additional tools to probe fundamental biology. The seedlings transformed with the sequence encoding 166 PEP6-3 can only grow if placed on media containing sucrose, suggesting a defect in carbon fixation 167 that may be overcome with growth on a carbon source. PEP6-3 also shows lethal effects in petunia, 168 demonstrating a general effect in plants. PEP6-3 is not likely functioning as known photosynthetic 169 herbicides do, either in diverting chloroplast electron transport (e.g. Paraquat; Moreland, 1980) or 170 interfering with pigment production (e.g. protoporphoinogen inhibitors; Duke et al., 1991) , as the 171 plants are completely normal when moved to sucrose. The mechanism of action is being explored. 172 Figure 3 shows plants that PEP6-15 plants consistently flower early. Flowering is a process 173 coordinated by multiple interacting pathways (the complexity depicted well in Blümel et al., 2015) , 174
and genetic analysis may reveal where this peptide is interconnecting with these well-established 175 networks to hasten this developmental transition. Such peptides could have value in controlling the 176 timing of crop production, helping growers to match plant behavior with high-value market windows, 177 weather, or labor availability. Valverde et al., 2004) . The slight effects in blue light are consistent with impaired phyB function 185 (Neff and Chory, 1998) . Future experiments will examine the role of this peptide in discrete red-light 186 mediated processes, as well as test interactions with phyB signaling components. 187
Other atypical morphologies were noted with a relatively high frequency, between 1-3% of 188 seedlings, with no obvious connection to the amino acid sequence. The plants fit into three 189 categories: dwarf plants, plants exhibiting hyperhydricity (vitrification), and plants that simply died 190 immediately after germination. Dwarf plants were frequent, and could be caused by a suite of 191 mechanisms spanning everything from hormones to defense. There also were a substantial number of 192 seedlings that germinated and were GFP positive, yet never developed beyond emerged cotyledons 193 and a shed seed coat. Many of these were recovered from selective media and transplanted into 194 complete nutrient media for rescue and characterization, yet effects were invariably lethal. These 195 seedlings were not quantified or investigated in this primary study, but the causal sequences could 196 eventually be of significant value to future efforts in identifying plant-lethal peptides. 197
Another frequent class of seedlings exhibited hyperhydricity, a condition observed by plants 198 regenerated in tissue culture (Kevers et al., 2004) . The syndrome is characterized by fragile, pale 199 green leaves that are almost translucent, a condition previously described as vitrification. At the 200 cellular level there are many defects in vitrified plants, including the lack of palissade cells, large 201 vacuoles in spongy mesophyll, few stomata, low/no lignification, and few vascular bundles and 202 hypertrophy in stem parenchyma (Gaspar et al., 1987) . Hyperhydricity is a stress-induced state where 203 differentiation is restricted and plants appear to be attaining a state where they can survive in the 204 presence of stress from culture. 205
It is unclear why these plants were occurring at such a high frequency. It had not escaped our 206 notice that peptides formed from degradation of proteins via the proteasome can function as specific 207 signaling molecules. Ramachandran and Margolis (2017) noted that peptides created by a membrane-208 associated proteasome in neurons had a role in calcium signaling, and that calcium events could be 209 affected by the peptides themselves when proteasome activity was blocked. It is tempting to 210 speculate that certain classes of peptides, or perhaps an overabundance of peptides that are stable in 211 the cell, may induce a stress response leading to hyperhydricity. This phenotype is curious and will 212 be investigated more closely, along with its ties to peptide sequence or abundance. 213
This laboratory approach could provide valuable insight into next-generation agricultural 214 applications. The goal is the development of new chemistries that could potentially work in specific 215 plant taxa, or compounds that could have reduced environmental or health impacts compared to 216 currently available herbicides and growth regulators. The obvious caveat to practical application is 217 that these small, cyclical peptides would be likely subjected to many physical and chemical 218 constraints that would make them unlikely to be effective if applied to plants directly. Technology 219 exists to facilitate application. The peptides identified here could conceivably be fused to cell-220 penetrating peptides or leader sequences with a cleavage site that could be processed by resident 221 proteases. Delivery may also be facilitated by nanoparticle-mediated methods, liposomes, or other 222 methods of encapsulation that permit transit into cells. 223
It is also possible to add sequences to stabilize a peptide within the organism, or add 224 sequences to deliver it to specific intracellular compartments (Ladner et al., 2004) . A class ofcompounds known as "mimetic peptides" may produce a similar chemical signature to the cell 226 without being subject to resident surveillance or turnover mechanisms. Mimetic peptides impart 227 pharmacological effects by binding to receptors, disrupting enzymes or acting as decoys-binding 228 ligands that would have instead activated signal transduction networks (Cardó-Vila et al., 2010) . 229
They function because they bear structural similarity to biologically active L-amino acids, but are 230 composed of D-form amino acids. This change in enantiomeric forms produces inverted-derivative 231 peptides that are more likely to evade innate recognition and turnover mechanisms, such as proteases 232 that could limit the half-life or effect of the compound (Adessi and Soto, 2002) . 233
In the larger scope of growth regulator design, their value is not restricted to their peptide 234 nature. The short runs of amino acids produced here can simply be thought of as a rogue chemistry 235 that integrates with biology in an unintended way to impart a biological effect. That information alone 236 exposes plant vulnerabilities or opportunities for growth regulator development. These findings may 237 of stop codon, while about 56% PEP12 peptides have more than one stop codons due to random 245 nucleotide selection at the third position of each codon. In these trials over 2,000 independent plant 246 transformations were examined and led to at least three intriguing reproducible candidates that present 247 clear hypotheses for further exploration or development for potential commercial application. Many 248 other phenotypes were observed and the causal sequences are being characterized. The high frequency 249 of phenotype discovery underscores the power of this technique. 250
It is a formal possibility that the effects seen arise from the RNA being generated and not the 251 peptide itself. The highly-expressed random sequences could find homology with RNA, triggering a 252 silencing response. While not generating random peptides, these sequences are still valuable, andmay be examined further by performing a basic BLAST search against the Arabidopsis expressed 254 sequences. Alternatively, sequences may be installed where the third codon base is changed in the 255 transgenic sequence, producing the same peptide with a different RNA sequence. Even if the effect is 256 shown to be due to an overexpressed RNA, that important information that could translate to 257 applications, as interfering RNA is now being applied to plants to induce desired control of gene 258 expression in the plant and pathogens (Mitter et al., 2017) . 259
The goal of this work was to test the hypothesis that overexpression of cyclical small random 260 
Materials and Methods 266
Generation of Random-Core Peptide Libraries 267
DNA oligonucleotides encoding peptides MACX 6 C (PEP6, six random amino acid peptides) or 268 MGCX 12 C (PEP12, twelve random amino acid peptides) flanked with partial attB1 and attB2 269 sequences were used as templates for PCR-based amplification (Gateway® Technology manual, 270
Invitrogen ThermoFisher Scientific). The library inserts were amplified using attB universal adaptor 271 primers listed in Supplemental Table 1 (Supplemental Figure 1) . PCR products were cloned into the 272 entry vector pDONR222 with the BP reaction following the manufacturer's procedure (Cat. 
Transformation and isolation of transgenic Arabidopsis plants 284
Bolting plants with multiple inflorescences were transformed with the PEP6 or PEP12 285 destination library through the floral dipping method (Clough and Bent, 1998) . For selection, seeds 286 were surface sterilized by 70% ethanol for 5 min and 10% bleach for 20 min. Surface-sterilized seeds 287 were plated on ½x MS basal medium with 0.5% Phyto Agar (cat. #M10200 and #A20300, Research 288
Products International) and 50 μg/ml kanamycin for selection. Transgenic seedlings were identified 289 by GFP expression or resistance to kanamycin. Transformed seedlings were grown to the 3-5 true 290 leaf stage on plates and transferred to soil. DNA was extracted from each seedling (Edwards et 
Plant Growth and Phenotyping 296
Arabidopsis plants were grown in soil at 20°C under 16 hour light / 8 hour dark conditions. 297
The characterization of phenotypic variations was based on the comparison among seedlings grown in 298 the same pot or flat. Plants exhibiting phenotypes were tagged and monitored for atypical growth 299 throughout their development. 300 301
Confirmation in Independent Transformation Events 302
It is possible that the phenotypes observed are not related to the peptide sequence, but instead 303 were artifacts of T-DNA integration. Insertion of the CaMV35S-bearing T-DNA cassette could 304 potentially disrupt a gene where an effect could be observed in its heterozygous form, or the viral 305 promoter could activate expression of neighboring genes, resulting in an observable phenotype. To 306 generate a series of independent transformants for each sequence of interest, the random-peptide-307 encoding DNA sequence was amplified using attB universal adaptor primers, and then re-cloned into 308 pDONR222 and pK7WG2D vectors via BP and LR reactions, respectively. These constructs were 309 then transformed into Arabidopsis to generate additional independent transgenic lines. Each series of 310 independent transgenic lines containing the same random peptide encoding sequence were grown 311 under the same conditions used to produce the original phenotype. Transcript abundance of the 312 random peptide sequence and the reference transcript Ubiquitin family protein (UFP, At4g01000) in 313 every transgenic line was analyzed by semi-quantitative RT-PCR using attB1 and attB2 adaptor 314 primers or UFP-rF and -rR primers, respectively. All primer sequences are listed in Supplemental 315 Table 1 . 316 317
Detection of the production of small peptide in transgenic plants 318
Total protein was extracted from 3-week-old, light grown Col-0 and PEP6-15 transgenic 319 plants using trichloroacetic acid (TCA)-acetone extraction method as described previously (Sheoran etal., 2009) . About 0.6 gram above ground tissues were ground in liquid nitrogen and extracted with 321 acetone containing 10%TCA and 1% DTT under -20°C overnight. The pellet was collected after the 322 centrifugation and washed twice with acetone containing 1% DTT. The vacuum dried pellet was 323 dissolved in 0.1% formic acid. The supernatant was collected after the centrifugation and filtered with 324
Amicon Ultra-0.5 Centrifugal Filter Unit with Ultracel-3 membrane (UFC500396, MilliporeSigma) to 325 collect proteins or peptides with molecular weight less than 3 kDa. The flowthrough was further 326 cleaned by C18 column. The vacuum dried samples were dissolved in 0.1% formic acid and analyzed 327 by on an AB Sciex QTRAP 4000 linked to an Agilent 1100 HPLC by using positive ionization. 328
Synthesized PEP6-15 peptide was used as a standard and was directly infused to QTRAP 4000 to 329 optimize compound dependent MS/MS parameters. The five most abundant product ions of PEP6-15 330 peptide were selected to create a multiple reaction monitoring (MRM) method. Chromatographic 331 separation was performed using an Agilent eclipse plus C18 column (3.5 µm, 4.6 × 100 mm). Buffer 332 A ( 0.1% formic acid in H2O) and B (0.1% formic acid in 97% acetonitrile) were used as eluents 333 with a gradient ramp profile as follows: 0-2 min, 0% B; 2-3min, 5% B; 3-23 min, 100% B; 23-28 min, 334 100% B; 28-30 min, 0% B; 30-33min, 0% B. Flow rate was 0.3 mL/min. PEP6-15 peptide in 335 transgenic plants were qualitatively characterized according to the retention time and fragmentation 336 patterns. 337
Petunia Transformation 338
PEP6-3 was introduced into Petunia hybrida by Agrobacterium tumefaciens-mediated 339
transformation of leaf fragments, following a modified protocol by Jorgensen et al. (1996) . Leaves 340 were dissected into 4 x 5 mm fragments and immersed in Agrobacterium solution for 15 min, then 341 transferred to MS agar plates supplemented with TDZ (1 µg/mL), galacturonic acid (212 µg/mL) and 342 acetosyringone (8 µg/mL). After 2 d in darkness, explants were transferred to MS medium containing 343 TDZ (1 µg/mL), carbenicillin (500 µg/mL) and kanamycin (150 µg/mL) for two weeks. Callusing 344 explants were then transferred to light on MS medium containing only antibiotics. After the 345 appearance of shoots, these were transferred to MS medium containing antibiotics and IBA (0.8 346 µg/mL), for root formation. 347
Effects of Lethal Sequences 349
The T1 seedling with PEP6-3 peptide sequence exhibited a severe arrested-development 350 phenotype at the early seedling stage, yet was GFP positive. The seedling was moved to media 351 containing sucrose where it then developed normally. Five independent lines (1, 2, 3, 4 and 6 
Inhibition of Hypocotyl Elongation 368
Seedlings from the PEP6-32 line possessed slightly longer hypocotyls than other seedlings 369 grown under white light, so this line was examined more closely under different spectral conditions. 370
Seeds were surface sterilized using a brief treatment of 70% ethanol and then set to dry on sterile 371 paper discs in a laminar flow hood. The seeds were placed on 1 mM KCl plus 1 mM CaCl 2 media 372 containing 1% Phyto Agar on 100 mm square plates and stratified for 48 h. The vertical plates were 373 transferred to various light conditions of varying spectral quality and fluence rates (as described in 374 Figure 3 and Supplemental Figure 2) , or complete darkness. The light sources used were LED based 375 and emitted at 470 nm (blue), 660 nm (red) and 730 nm (far-red). Plants grown in darkness wereplaced under one of the narrow bandwidth treatments wrapped in two layers of aluminum foil. After 377 96 h the plates were scanned and the seedlings were measured using ImageJ software, and the length 378 of the seedlings was reported as a fraction of dark-grown seedling length. 379
380
Statistical analyses 381
Data were analyzed in excel or R (https://www.r-project.org/). The statistical analyses were 382 performed in R using Mann-Whitney U test or Student's t-test for normally-distributed data. 383 384 
